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Introduction
Inhalation of asbestos fibers is a major health risk causing pulmonary fibrosis (asbestosis), mesotheliomas, and lung carcinomas (1) (2) (3) . Hallmarks of asbestosis include increased fibrinolysis (4), expansion of interstitial matrix components (5) , and angiogenesis (6) . These events are indicative of activated pulmonary cells, which require enhanced pericellular proteolytic activity and matrix interactions for cell motility and proliferation (7) (8) (9) . Many studies have examined the pathogenesis of pneumoconiosis related to asbestos or other fibers, yet few have investigated cellular and molecular mechanisms for activation of vascular cells contacted by fibers (3, 5) .
Inhaled chrysotile asbestos fibers accumulate along capillaries and penetrate into the capillary lumen (3, 10) . Asbestos increases the permeability of the pulmonary endothelium, the proliferative rates of endothelial cells (6, 10) , and the synthesis mouth.edu Abbreviations used: BSA, bovine serum albumin; DMEM, Dulbecco's modified Eagle's medium; FAK, focal adhesion kinase; FBS, fetal bovine serum; GPI, glycophosphatidylinositol; PAGE, polyacrylamide gel electrophoresis; PBS, phosphate-buffered saline; RCF, refractory ceramic fiber; uPA, urokinase-type plasminogen activator; uPAR, uPA receptor. of proteins associated with wound repair or fibrosis (11) (12) (13) . Several weeks after a single 1-hr exposure to chrysotile asbestos, aberrant pulmonary endothelial and smooth muscle cell proliferation occurs in the small arterioles and venules of animals (10) . Recent studies using cultured cells demonstrated that noncytotoxic concentrations of asbestos, but not refractory ceramic fiber-1 (RCF-1), induce an activated endothelial cell phenotype (14) . This phenotype is elongated, has increased motility, and increased expression of adhesion molecules for phagocytes (14) .
Vascular remodeling and activated endothelial cells are associated with increased proteolytic cascades, which are initiated by activation of urokinase-type plasminogen activator (uPA). uPA activity is elevated in many physiological settings requiring vascular cell motility and proliferation, such as ovulation, angiogenesis, tumor metastasis, and smooth muscle or monocyte migration in atherosclerosis (8) . Expression of uPA receptor (uPAR) is also increased in remodeling and can be induced by cytokines, hormones, and tumor promoters (8, 9) . The binding of uPA to uPAR is central to the role of endothelial cells in tissue remodeling and is essential for endothelial cell motility (8, (15) (16) (17) . The effects of uPA on cell morphology, motility, and proliferation require receptor occupancy, but often not uPA proteolytic activity (18) (19) (20) .
uPAR is a glycophosphatidylinositol (GPI)-anchored surface receptor that localizes either to insoluble lipid-protein complexes (21, 22) on the cell surface or to focal adhesions attached to matrix-bound vitronectin (23, 24) . Addition of the glycoinositol phospholipid to the carboxyl tail of uPAR allows targeting and insertion into the outer cell membrane. GPI-anchored receptors have no transmembrane domain but transduce signals through soluble kinases associated with the inner membrane leaflet through N-terminal lipid modifications (22, (25) (26) (27) (28) . Both tyrosine (22, 27) and serine/threonine kinases (28) complex with GPI-anchored receptors to mediate their responses. Further, uPAR complexes with integrin-containing signaling complexes (22) and can regulate integrin function (29) .
Endothelial cells responding to asbestos elongate and move around the fibers (14) . Direct activation of endothelial cells by asbestos could be explained by the fibers mimicking ligands, such as fibronectin or vitronectin, which bind cell surface proteins (30, 31) . Boylan et al. (31) demonstrated that pleural mesothelial cells internalize vitronectin or serum-coated crocidolite asbestos fibers via an avb5 integrindependent mechanism. However, the affinity of vitronectin for uPAR is higher than its affinity for integrins (24) . As discussed above, activation of uPAR promotes endothelial cell motility and deformability (17) . Therefore, the role of uPAR in initiating cell signaling linked to morphological and phenotypical change was examined in second-to fourth-passage porcine (34, 35) . Briefly, cells were rinsed in low phosphate MEM and then incubated in the same buffer with 0.1 mCi/ml of carrier-free [32P] orthophosphate for 1 hr at 37°C, under 5% C02/95% air. Asbestos was then added for up to 1 hr, and exposures were stopped by rinsing the cells twice with cold stop buffer (10 mM Tris-HCl, pH 7.4, 10 mM EDTA, 5 mM EGTA, 100 mM NaF, 200 mM sucrose, 100 pM Na-orthovanadate, 5 mM pyrophosphate, 4 pg/ml leupeptin, 4 pg/ml soybean trypsin inhibitor, 1 mM benzamidine, 20 pM calpain inhibitor 1, 100 mU/ml aprotinin, and 100 pM phenylmethylsulfonyl fluoride). The cells were then lysed at room temperature in 10 mM Tris-HCI, pH 8.0, 2 mM EDTA, 0.2 M sucrose, 0.14 M NaCl, 1 (28) for uPAR signaling in human epithelial cells and by Bohuslav et al. (22) for uPAR signaling in monocytes were used with slight modification. Microtiter wells were coated for 2 hr with 50 pl of 50 pg/ml of recombinant pro-uPAR (a gift from J. Henkin, Abbott Laboratories, Abbott Park, IL) in phosphate-buffered saline (PBS). The wells were rinsed three times with 100 pl of PBS containing 1% bovine serum albumin (BSA) and then incubated with 200 p1 of the same buffer for an additional 2 hr. The wells were then rinsed with cell lysis buffer and 100 pl of cell lysate was added to each well. To control for non-specific absorption, aliquots of lysates were also added to wells coated with PBS plus 1% BSA, but no pro-uPAR. The lysates were incubated overnight at 40C with gende agitation. They were then rinsed 3 times with 200 pl of lysis buffer and then twice with kinase buffer. The samples were then either used for in vitro kinase assays or collected for electrophoresis by addition of 50 pil of electrophoresis buffer, transfer to a fresh storage tube, and then boiling for 5 min.
Immunoprecipitations. Immunoprecipitations were performed as previously described (35) . Briefly, following asbestos exposure, cells were lysed in cold RIPA buffer (35) and centrifuged to remove debris. Supernates were incubated overnight at 40C with specific antibody and protein A Sepharose beads (Pharmacia, Piscataway, NJ) coated with rabbit antimouse IgG (200 pg of antibody/ml of beads). The complexes were rinsed 3 times with RIPA buffer and twice with kinase buffer. Kinase assays were performed immediately to preserve activity.
Kinase Assays. Tyrosine kinase activity of proteins purified with microtiter affinity plates or by immunoprecipitation were performed essentially as described (35 (14) . As shown in Figure 1B, (18, 20, 24) , including endothelial cells (17) . In addition to binding uPA and facilitating its activation, uPAR regulates fI-integrin function (29) and serves as a r high-affinity binding site for vitronectin (24) . Therefore, the role of uPAR in F asbestos-induced changes in endothelial cell shape was examined in control and mannosamine-treated cells. Mannosamine prevents assembly of the GPI anchor and g thereby insertion of uPAR and other GPIanchored proteins into the plasma membrane (24, 36) . The data in Figure 1C , Both integrins and GPI-anchored proteins signal through the Src-family of tyrosine kinases (22, 37, 38) . Therefore, herbimycin A, a relatively selective inhibitor of Src-related kinases (39) , was used to determine whether these kinases are required for morphologic change in response to chrysotile fibers. Eighteen-to twenty-four-hour treatment with herbimycin A causes some loosening of contacts between endothelial cells (Figure 1  E,F) Figure 2A ). The increased phosphorylation may serve as a recognition signal for the proteins. However, other signals must be required for dissolution of the complexes, since the increased mass of the proteins in the complex is sustained longer than the increases in phosphorylation.
Asbestos Increases Kinase Activities in uPAR Complex
The data in Figure 2A indicate that the content of phosphoproteins in uPAR complexes is increased by asbestos. Therefore, in vitro kinase assays in the microtitre wells were used to study whether asbestos activates kinases complexed with membranebound uPAR. Lysates were prepared from intact cells exposed to asbestos for up to 60 min. The lysates were incubated in microtiter wells coated with pro-uPA or with the BSA-blocking solution alone. The wells were rinsed and kinase reactions were conducted in situ. The autoradiograph of the resulting phosphoproteins is shown in Figure 2B and illustrates that asbestos causes time-dependent increases in the phosphorylation of several bands. The density of bands at 212, 98, and 60 kDa reached maximal intensity by 30 min. The strong intensity of a 48-kDa band did not peak until 45 min, indicating that asbestos differentially activates multiple kinases or kinase cascades in the intact cells. The specificity of the assay is demonstrated by the lack of kinase activity in the BSA wells.
The differences between the phosphorylation profiles in Figure 2A ,B illustrates the limitations of the two analyses. uPAR and integrin signaling are highly dependent on the context of the intact cell and its matrix attachments. The in vitro kinase assays demonstrate that substrate phosphorylation by kinases is activated by asbestos, but do not provide much information regarding the substrates that become phosphorylated in the intact cell. Also, phosphatase activity is inhibited in the in vitro assay, which allows more phosphorylated substrates to accumulate. However, the data in Figures 1 and 2 Figure 3C , except that the lysates were split into two aliquots. Figure 3C and exposed to chrysotile (5 pg/cm2). RIPA lysates were prepared and immunoprecipitated with either mAb 327 or pY69, which recognize phosphotyrosine.
The precipitated proteins were separated by PAGE and detected by autoradiography. All experiments were performed in triplicate.
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Biotechnology, Santa Cruz, CA). The proteins in the immunoprecipitates were separated on 8% polyacrylamide gels and phosphoproteins are shown in the autoradiography in Figure 3D . As observed in the porcine aortic cells, treatment of the human microvascular cells with 5 pg/cm2 of chrysotile asbestos resulted in time-dependent increases in phosphorylation of 60-and 212-kDa proteins co-precipitating with FAK ( Figure 3D) 
